Genome screening of the cyanobacterium Microcoleus chthonoplastes PCC 7420 identified a gene encoding a protein (483 amino acids, 54.2 kDa in size) characteristic of a BL (blue light)-regulated adenylate (adenylyl) cyclase function. The photoreceptive part showed signatures of a LOV (light, oxygen, voltage) domain. The gene product, mPAC (Microcoleus photoactivated adenylate cyclase), exhibited the LOV-specific three-peaked absorption band (λ max = 450 nm) and underwent conversion into the photoadduct form (λ max = 390 nm) upon BLirradiation. The lifetime for thermal recovery into the parent state was determined as 16 s at 20
Genome screening of the cyanobacterium Microcoleus chthonoplastes PCC 7420 identified a gene encoding a protein (483 amino acids, 54.2 kDa in size) characteristic of a BL (blue light)-regulated adenylate (adenylyl) cyclase function. The photoreceptive part showed signatures of a LOV (light, oxygen, voltage) domain. The gene product, mPAC (Microcoleus photoactivated adenylate cyclase), exhibited the LOV-specific three-peaked absorption band (λ max = 450 nm) and underwent conversion into the photoadduct form (λ max = 390 nm) upon BLirradiation. The lifetime for thermal recovery into the parent state was determined as 16 s at 20
• C (25 s at 11
• C). The adenylate cyclase function showed a constitutive activity (in the dark) that was in-vitro-amplified by a factor of 30 under BL-irradiation. Turnover of the purified protein at saturating light and pH 8 is estimated to 1 cAMP/mPAC per s at 25
• C (2 cAMP/mPAC per s at 35
• C). The lifetime of light-activated cAMP production after a BL flash was ∼14 s at 20
• C. The temperature optimum was determined to 35
• C and the pH optimum to 8.0. The value for half-maximal activating light intensity is 6 W/m 2 (at 35 • C). A comparison of mPAC and the BLUF (BL using FAD) protein bPAC (Beggiatoa PAC), as purified proteins and expressed in Xenopus laevis oocytes, yielded higher constitutive activity for mPAC in the dark, but also when illuminated with BL.
INTRODUCTION
Organisms adjust their lifestyle through the activity of various receptors that respond selectively to signals from the environment. Of particular importance are photoreceptors that, for many micro-organisms, turn out to be major players in modulation of physiological processes. This became evident from a recent survey of deposited genomes and metagenomes which revealed a particularly wide distribution of BL (blue light)-sensitive photoreceptors, being present in nearly one-quarter of all screened genomes [1, 2] . Sensing of BL is essential as this light quality can be harmful, as many photosensitizing compounds generating singlet oxygen and other ROS (reactive oxygen species) exhibit a strong absorption in the range between 400 and 450 nm. On the other hand, BL can drive photosynthesis and is used by DNArepair enzymes (photolyases) [3] .
Sensing of UV-A and BL is accomplished by three types of flavin-binding photoreceptors, each of which shows a different light-driven flavin photochemistry: cryptochromes (cry) with strong sequential and structural similarity to photolyases, incorporating non-covalently FAD [4] , BLUF (BL-sensing using FAD) domain receptors [5] and the LOV (light, oxygen, voltage) domain proteins [6] . This latter class of BL-sensing receptors incorporates an FMN chromophore that, upon light absorption, becomes covalently bound to the protein via the thiol side chain of a cysteine residue. The lifetime of this 'photoadduct', being considered the signalling state of these photoreceptors, can vary from an outstandingly long period (t > 10 000 s; see, e.g., [7] and references cited therein) down to several seconds, after which time the covalent bond re-opens and the parent state is regenerated [8] .
Light detection, signal generation and signal propagation is a multi-step process. In many cases the signalling property is performed through the light-induced initiation of an enzyme activity, fused to the light-sensing domain and thus making photoreceptors multidomain proteins. Bacterial photoreceptors exhibit quite a variety of signalling domains, among which (histidine) kinases, phosphodiesterases, adenylate (adenylyl) cyclases and di-GMP cyclases, and DNA-binding domains are the most prominent ones [9] . In particular this type of activation by light, i.e. in a non-invasive manner, has brought photoreceptors into the focus of many scientists aiming at the regulation and detection of physiological processes in living cells or even in living animals [10] [11] [12] . Especially one class of signalling domains, the adenylate cyclases, has gained attention in cell biology, as their product molecule, cAMP, is an important second messenger also in cells of higher organisms. The usefulness of light-activated adenylate cyclases has been demonstrated for PAC (photoactivated adenylate cyclase) from the protist Euglena gracilis. This photoreceptor exhibits an αβ-dimeric arrangement with each of the monomers carrying in a tandem array two units of a BLUF domain fused to an adenylate cyclase function [13] . Lightregulated cAMP formation could be demonstrated in Xenopus oocytes and even in living animals [14] . However, the protein could so far only be purified from its natural source [13, 15] , and expression in Escherichia coli was only achieved for the BLUF domains, whereas full-length protein so far could not be purified [12] and bPAC from Beggiatoa [17] , as well as nPAC from N. gruberi [20] for which PAC activity, so far, was not demonstrated.
from heterologous expression systems. When purified from E. coli, only the second BLUF domain (F2) binds FAD and seems to be functional as it shows a photocycle [16] . In addition, the active state of the full-length protein exhibits a short lifetime of less than 1 s, resulting in a need for high-light intensity for maximal activation [14, 15] . A bacterial orthologue protein from the large sulfur bacterium Beggiatoa sp. could recently be presented as an alternative, as this bacterial protein (bPAC) exhibits only one BLUF domain per monomer and has a slow photocycle resulting in a low-light intensity requirement [17, 18] . As bPAC is also smaller in size, it seems a more favourable tool for light-modulated (cAMP) control [18] .
Ongoing research in this field yielded a novel combination of a BL-sensing receptor domain fused to an adenylate cyclase motif: the genome of the cyanobacterium Microcoleus chthonoplastes PCC 7420 (several listings use Coleofasciculus chthonoplastes instead of M. chthonoplastes) carries a gene encoding two PAS domains (where the second PAS is an LOV domain) fused to an adenylate cyclase domain. The putative gene product (mPAC, locus ZP_05024462.1) of 483 amino acids in size would add the LOV domains with their potentially favourable photochemical properties to the family of light-modulated adenylate cyclases (Figure 1 ). In the present paper we report on the generation and the photochemical and enzymatic characterization of this novel photoreceptor, demonstrating its light-induced enzymatic function in vitro upon bacterial expression, and also after expression in oocytes from Xenopus laevis.
MATERIALS AND METHODS

Cloning
M. chthonoplastes PCC 7420 (Taxonomy ID 118168) was grown under moderate stirring in ASN-III medium [19] at 28
• C. Filtered air was supplied to the culture.
Genomic DNA was extracted using the mi-Bacterial Genomic DNA Isolation kit (Metabion), following the Gram-positive protocol according to the manufacturer's protocol. The gene (ZP_05024462.1) was blunt-end cloned into the vector pJET1.2 using the CloneJET TM PCR Cloning kit (Fermentas); an NdeI restriction site was inserted at the 5 -end (GCCAGTG-CATATGAATCCTTCTTGTGAGGAGAATGAGCC; NdeI site underlined), and a SacI site was inserted at the 3 -end (GTTGGGAAGCAGGAGTAGCTCGAGCTC; SacI site underlined). These restriction sites were then used for cloning the gene into the expression vector pET28a (Novagen/Merck).
Protein expression and purification
N-terminally His 6 -tagged mPAC was expressed in E. coli BL21 cells from the pET28a vector (Novagen/Merck). After IPTG induction (final concentration 0.5 mM) cells were grown for 48 h at 18
• C, gently stirred and supplied with filtered artificial air. The protein was purified via affinity chromatography on an Ni 2 + resin by imidazole elution (Clontech), and finally concentrated in Tris buffer [50 mM Tris/HCl, 200 mM NaCl and 5 % glycerol (pH 8)].
Spectroscopy
Steady-state absorbance was measured using a Shimadzu UV-2401PC UV-visible spectrophotometer; steady-state fluorescence measurements were performed with a Cary eclipse fluorescence spectrometer (Varian). Time-resolved fluorescence lifetime measurements were performed with a Fluorescence Lifetime Spectrometer FL920 (Edinburgh Instruments) using the F900 software provided by the manufacturer.
Steady-state irradiation in order to generate the photoadduct state and monitoring its thermal recovery was done with an LED (λ em = 460 + − 10 nm, Zweibrüder) placed directly above the cuvette within the spectrophotometer. Recovery to the parent state was then observed at 450 nm immediately after removing the light source at various temperatures (see the inset in Figure 2 ).
cAMP immunoassay
The quantitative determination of cAMP in Xenopus oocytes and in the enzyme assay with purified recombinant protein was performed with a competitive immunoassay (Biotrend Total cAMP Enzyme Immunoassay kit). The mPAC-expressing oocytes were homogenized in 0.1 M HCl. Some oocytes were illuminated with intense BL (2 min, 455 nm, 1 mW/mm 2 ) before homogenization. For the calculation of the cAMP concentration, an oocyte volume of 1 μl was assumed. The enzyme activity was assayed by incubation of 5 μl (40 ng) of mPAC (purified from E. coli) in 20 μl of an assay buffer [300 mM KCl, 50 mM Hepes/Tris (pH 8.0), 1 mM MgCl 2 and 1 % BSA] containing 100 μM Mg-ATP. Experiments were performed at different well-controlled temperatures. The reaction mixture was either kept in darkness or irradiated for 2 min with BL (455 nm, 1 mW/mm 2 ) and was finally stopped by the addition of 225 μl of 0.1 M HCl.
Electrical measurements of adenylate cyclase activity
In TEVC (two-electrode voltage-clamp) experiments, mPAC was co-expressed with a CNG (cyclic nucleotide-gated) mutant channel (CNGA2-T537S, Bos taurus CNGA2) [20] . The oocytes were incubated for 3 days at 17
• C in Ringer's (ORi) solution containing 100 mg/ml gentamycin. Irradiation of the oocytes was performed with a high-power LED (LUXEON Emitter 1 W; royal blue, 455 nm) or a DPSS (diode-pumped solid-state) laser (473 nm). The light output near the oocyte was determined to 3 mW/mm 2 . Measurements were taken in oocyte Ringer's solution in which CaCl 2 was replaced with 2 mM BaCl 2 . Oocytes were clamped to a membrane potential of − 20 or − 40 mV, with + 10 mV pulses for conductance measurements. Currents were recorded for 60 s with the software CellWorks (NPI Electronic).
RESULTS
Photochemical properties of mPAC
The genome of the cyanobacterium Microcoleus chthonoplastes PCC 7420 carries a gene encoding a protein (54.2 kDa, 483 amino acids, genome locus ZP_05024462) composed of three domains, a PAS, a LOV and a predicted adenylate cyclase function (Figure 1) .
The putative LOV-domain-encoding part showed all signatures typical for bacterial LOV domains. The full-length gene was cloned and expressed with an N-terminal His 6 -tag in E. coli BL21 cells. The gene product, mPAC, displayed the LOV-domainspecific three-peaked absorption band (λ max = 450 nm, Figure 2) . The absorbance ratio A 450 /A 280 in Figure 2 indicated a 74.4 % loading of chromophore in mPAC, based on a A 450 /A 280 ratio of 1:7.6 for a fully chromophore-assembled protein (ε 450 = 12500 M − 1 ·cm − 1 , ε 280 = 95445 M − 1 ·cm − 1 ; calculation of the molar absorption coefficient was performed by the protparam tool of ExPASy; http://web.expasy.org/protparam/; the contribution of the flavin absorbance around 280 nm was taken into account). BL-irradiation caused conversion into the photoadduct form (λ max = 390 nm), which showed a lifetime for thermal recovery into the parent state of 16 s at 20
• C (24 s at 14 • C, inset in Figure 2 ). Also the fluorescence excitation and emission maxima (λ exc = 445 nm, λ em = 500 nm) are in full accordance with proteinbound FMN (Figure 2 , right-hand panel).
Enzymatic activity of mPAC, expressed in X. laevis oocytes
The sequence of mPAC suggested light-regulated adenylate cyclase activity and the photochemical data confirmed a light response of the protein. All four previously described PACs are BLUF proteins; however, for only three of them (PACα and PACβ from Euglena [13, 14] and bPAC from Beggiatoa [17, 18] ) was photoactivated adenylate cyclase activity shown, whereas it was only reported (results not shown) that nPAC (Naegleria gruberi PAC) "shows cAMP activity in oocytes and in vitro" [21] . To check for cyclase activity and to learn whether light inhibits or activates the suspected activity, we expressed 1). For this comparison we injected 5 ng of RNA in each case which corresponded to ∼30 % less mPAC than bPAC RNA molecules because of the longer amino acid chain of mPAC. Although we do not know the translation efficiency and stability against degradation of these two proteins we noted a strong difference in the cAMP concentrations obtained (see Table 1 ), which was partially reflected in the measured turnover of the purified enzymes (see below; Table 2b ). The concentration of PAC-induced cAMP after 1 day of PAC expression in these oocytes was nearly 10-fold higher in mPAC-expressing than in bPAC-expressing oocytes, either without any illumination (D) or measured after 2 min of intense BL (L) (see Table 1 ). The L/D (light-to-dark activity) ratio for bPAC and mPAC therefore seemed similar in these in vivo experiments; however, in Table 1 , D reflects activity during 24 h of expression and cyclase activity in the dark, whereas L reflects activity after 24 h of expression and cyclase activity during 2 min of illumination. Therefore an exact number for the light-to-dark activity ratio cannot be extracted from these data, also because in vivo cAMP assays are influenced by cellular phosphodiesterase activity. We then tested the light-induced cAMP increase in oocytes by co-expression with a cAMP-sensitive cation channel (OLF/T537S from bovine olfactory organ), as was previously shown for PACα and PACβ from Euglena gracilis [14] and for bPAC [18] . A pronounced increase in inward current, maximal after 1 min, was observed upon a light flash in mPAC-and OLF/T537S-co-expressing oocytes (Figure 3 ). This light-induced channel activation was completely reversible, with a return to the basal level within 10 min.
Enzymatic activity of purified mPAC expressed in E. coli
Recombinant mPAC, purified from E. coli as described above, was measured for cAMP production in the dark and with 2 min of BL illumination at controlled temperature, light intensity and pH. The purified enzyme showed a strong pH-dependence with maximal activity at around pH 8.0 ( Figure 4A) . The activation by more alkaline pH is similar to the BLUF protein BlrP1, a bacterial light-regulated cyclic nucleotide phosphodiesterase, which is maximally active above pH 8, whereas at pH 9.3 no additional light activation is observed [22] . The temperaturedependence of light-activated adenylate cyclase activity exhibited a sharp peak for thermal stability with maximal activity at 35
• C Table 2 In vitro PAC assays ( Figure 4B ). Adenylate cyclase activity was dependent on light intensity with half-maximal activity at 6 μW/mm 2 (6 W/m 2 ) at 35
• C and pH 8 ( Figure 4C ). The relatively high light-sensitivity of mPAC most probably results from a light-activated mPAC intermediate with high cyclase activity which slowly relaxes to the less active 'dark state'. We therefore measured cAMP concentrations at different time points after a short light flash. Following a BL flash of 0.5 s, the concentration of cAMP rose in the dark with a time constant of ∼14 s at 20
• C ( Figure 4D) and ∼7 s at 30 • C (results not shown). The slope of the fitted curve in Figure 4(D) is, of course, decaying with the same time constant of ∼14 s (broken line in Figure 4D ), reflecting the decaying activity of the light-induced mPAC intermediate. This time constant is in good agreement with the determined photoadduct lifetime of 16 s at 20
• C (see above and Figure 2) . The ratio of cAMP production in saturating light to cAMP production in the dark was determined to 30 at 20
• C (at pH 7 and pH 8). This rather low ratio is surprising considering the strong light-activated cAMP increase, measured in living cells (Table 1 and Figure 3) .
The maximal specific activity of bPAC was previously reported as 10 nmol of cAMP/mg of protein per min at pH 7.4, 100 μM ATP and room temperature (21 • C) [18] or as 57 nmol of cAMP/mg of protein per min at pH 8, saturating ATP (2 mM) and room temperature [17] . These values are much lower than the 600 nmol of cAMP/mg of protein per min that we found for His 6 -mPAC at pH 8, 80 μM ATP and 25
• C (Table 2a ). An even higher activity of 1 μmol of cAMP/mg of protein per min was obtained with a ST-mPAC-ST (ST is streptavidin tag; N-and C-terminal ST tag on mPAC) construct (see Table 2b ). The protein purified from E. coli by Stierl et al. [18] was actually a bPAC SUMO (small ubiquitin-related modifier) fusion construct, whereas in the study by Ryu et al. [17] a bPAC MBP (maltose-binding protein)-His 6 tag fusion construct was assayed.
For a better comparison, we also labelled bPAC with a Cterminal ST (bPAC-ST), expressed and purified it from oocytes which yielded now a much higher specific activity of 190 nmol of cAMP/mg of protein per min at pH 8, 25
• C and 80 μM ATP. With the ST-purified proteins, the two enzymes (bPAC-ST and ST-mPAC-ST) are more similar in their light-activated turnover; however, mPAC (∼1 cAMP/mPAC per s at 25
• C) shows an approximately 7-fold higher turnover in the light than bPAC (Table 2b) .
DISCUSSION
The BL-driven adenylate cyclase from the cyanobacterium M. chthonoplastes (mPAC) is the first member in this class of light-regulated cyclases carrying a LOV domain as a sensing/modulating unit. Formerly described PACs from the protist E. gracilis (EuPAC [12, 13] ), from N. gruberi (nPAC [20] ) and from the large sulfur bacterium Beggiatoa sp. (bPAC [16, 17] ) all carry BLUF domains as regulatory units. Common to all of these enzymes is their regulatory sensing domain which in general makes such proteins suitable candidates for biotechnological applications, as BLUF and also LOV domains use ubiquitous flavin derivatives as chromophores. The LOV domain, as shown by many examples found in Nature, is more versatile with respect to fused signalling domains as, for example, LOV-coupled histidine kinases, di-GMP cyclases and helix-turn-helix motifs (enabled to bind to DNA in a light-dependent manner) have been described and functionally characterized. The larger overall number of identified LOV-domain-regulated photoreceptors and the greater variability of signalling domains found for LOV domains (in comparison with the BLUF manifold) might provide another advantage for mPAC, whereas a preliminary study of sitedirected mutagenesis (S. Raffelberg and W. Gärtner, unpublished work) does not significantly alter the recovery lifetime, so one might consider a complete swap of one LOV domain for another one with a long-lived photoadduct state. This might be even more favourable (again in comparison with BLUF domains), as a similar activation mechanism has been identified for several LOV domains, based on a torque-generating movement of coiled-coil structures [23] . Alternatively, one might also consider an on-and off-reactivity initiated by light in long-lived LOV domains, as had just been demonstrated for YtvA from B. subtilis [24] .
A comparison between the adenylate cyclases described so far reveals that mPAC is more similar to bPAC than to EuPAC as its photocycle is similarly slow (t = 10-20 s) and therefore the light intensity for half-maximal activation can be kept low (∼6 μW/mm 2 , for mPAC; ∼4 μW/mm 2 for bPAC [18] ). EuPAC, however, shows a fast photocycle and therefore requires higher half-saturating light intensities [14, 15] . Similar data are not yet available for the remaining PAC from N. gruberi (nPAC [21] ).
In the present study we used the cloned DNA from the cyanobacterium M. chthonoplastes and expressed it for in vivo assays in oocytes of X. laevis or for in vitro assays, with His 6 or a ST attached, in E. coli. This approach is in contrast with the codon usage-optimized DNA, different for oocyte and E. coli expression in two previous studies on the BLUF protein bPAC [17, 18] . When we compared the cyclase activity of purified mPAC and bPAC we found a pronouncedly increased activity of mPAC, both in the dark and in saturating BL (Table 2b ) which was also apparent from cAMP concentrations in mPAC-and bPAC-expressing oocytes (Table 1 ).
An interesting, yet not understood, difference in the cAMP synthesis of bPAC and mPAC appears when both enzymes are compared for their in vitro and in vivo activity: purified bPAC yields a strong light activation in in vitro assays with an L/D ratio of 300 [18] . Under the same conditions, a value of 30 was determined for purified mPAC. However, this lower L/D activity was not obvious when cAMP concentrations were assayed in PAC-expressing oocytes. Under these conditions, mPAC reveals a stronger lightinduced increase of cAMP concentration than bPAC, together with a similarly higher dark activity compared with bPAC (Table 1) . Although no L/D ratio can be obtained from these in vivo data due to an inherent intracellular phosphodiesterase activity, the values in Table 1 suggest very similar L/D ratios for bPAC and mPAC. As most in vitro assays were performed at the optimum of pH 8, whereas oocyte cytoplasm is closer to pH 7, we determined the L/D ratio also at pH 7, again yielding a value of 30. Further tests will have to show whether substrate or product concentrations, redox potential, or binding of FMN or other cofactors are responsible for this enigma. We cannot exclude that purified mPAC molecules without bound FMN have higher activity in the dark than FMN-bound mPAC and/or are more abundant (than the estimated 25 %, see above) in our in vitro assay with purified protein than in the cytoplasm of oocytes. Both possibilities would decrease the apparent L/D ratio of purified mPAC protein.
Another difference between oocyte measurements and in vitro assays with recombinant protein from E. coli is the tag used for affinity purification of protein. In order to test for an effect of the routinely used His-tag, we repeated the in vitro activity assays with an ST-purified mPAC (ST-mPAC-ST) which showed a slightly increased activity, both in the light and in the dark, but yielded again the same L/D ratio of 30. In the course of the present study we also re-evaluated the specific light-induced activity of purified bPAC protein (now purified with a C-terminal ST from oocytes) and found it to be approximately 20-fold more active than originally reported by us [18] and others [17] . But even this activity, with one molecule of cAMP produced by one molecule of light-activated bPAC every 8 s (at 25
• C), seems low, as is the nearly 10-fold higher, but still low light-induced, turnover of mPAC (1 cAMP/mPAC per s at 25
• C and 2 at 35 • C). Further careful analysis of functional protein might lead to another reevaluation of turnover numbers and possibly also of the L/D ratio of mPAC.
